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(54) Method and apparatus for machining workpieces 

(57) In a method for machining a workpiece, and for 
identifying a sequence of steps for machining a work- 
piece, a final shape required for the whole or part of the 
workpiece is identified at 34, a three dimensional enve- 
lope shape is generated around the required shape 36, 
differences between the current shape and the enve- 
lope shape are generated at 38 to allow a sequence of 
cuts to be generated at 40 and a tool path at 42 from 
which the current stock part can be cut down to the 
envelope shape. The definition of the current stock is 
then updated at 44 and the sequence repeated until the 
workpiece has been machined to the required shape. 
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Description 

[0001] The present invention relates to the machin- 
ing of workpieces, for instance during manufacture. 
[0002] Many types of machine tool exist for machin- 
ing workpieces by various techniques. Many of these 
techniques, including those of milling machines and the 
like., require a tool to move relative to a workpiece to cre- 
ate a cut which removes material from the workpiece. 
Machines such as CNC machines control this move- 
ment automatically, executing a sequence of cuts under 
automatic control. The time taken to complete the 
machining of a workpiece will naturally depend on the 
number of cuts required. 

[0003] The present invention provides a method for 
machining a workpiece in which a final shape required 
for the whole or part of the workpiece is identified, an 
envelope shape is generated, the envelope shape 
wholly containing the final shape, and a sequence of 
one or more machining steps is identified to form the 
workpiece to the envelope shape, wherein identification 
of each machining step of the sequence takes account 
of the previous steps, to minimise too! movement during 
cutting. 

[0004] Preferably an image is produced to simulate 
the performance of the steps of the sequence. 
[0005] The sequence of machining steps is prefera- 
bly used to create a tool path by which the steps may be 
executed. The identification of a sequence of machining 
steps may be dependent upon parameters such as tool 
size or type, the number of cuts to be used to create the 
envelope shape, a maximum depth of cut, and the like. 
[0006] Preferably an image or sequence of images 
is produced to simulate the toolpath for consideration 
prior to machining commencing. Preferably the toolpath 
is encoded as a set of instructions for a machine tool. 
[0007] Preferably the method is repeatedly applied 
to a single workpiece, the initial shape for the second 
and subsequent cycles being an envelope shape pro- 
duced by the machine sequence of the previous cycle. 
[0008] Preferably the envelope shape is three 
dimensional, surrounding all or part of the workpiece. 
The envelope shape preferably has one or more planar 
faces and may consist entirely of planar faces, which 
may be orthogonal. 

[0009] The envelope shape may be a prism sur- 
rounding all or part of the length of the workpiece and 
having a constant cross section along an axis. The 
cross section may be polygonal. 

[0010] The envelope shape is preferably chosen to 
optimise the fit of the final shape within the envelope 
shape. Preferably the optimisation includes the location 
of a planar face of the envelope shape against a planar 
or generally planar surface of the final shape. The enve- 
lope shape may be optimised by selecting the shape 
having minimum volume or cross sectional area. The 
optimisation process may be required to create an 
envelope shape having a specified number of faces. 



[0011] Preferably the machining steps are cuts 
which may be straight cuts of an end cutting milling 
machine. Alternatively, the cut may be produced by a 
flank milling operation, during which the workpiece may 
5 be turned relative to the tool to produce non linear cut- 
ting paths across the workpiece. 

[001 2] The invention also provides a method of cre- 
ating a sequence of machining steps for machining a 
workpiece, in which a final shape required for the whole 

jo or part of the workpiece is identified, an envelope shape 
is generated, the envelope shape wholly containing the 
final shape, and a sequence of one or more machining 
steps is identified to form the workpiece to the envelope 
shape wherein identification of each machining step of 

75 the sequence takes into account of the previous steps, 
to minimise tool movement during cutting. 
[0013] Preferably an image is produced to simulate 
the performance of the sequence steps. 
[0014] The sequence of machining steps is prefera- 

20 bly used to create a tool path by which the steps may be 
executed- The identification of a sequence of machining 
steps may be dependent upon parameters such as tool 
size or type, the number of cuts to be used to create the 
envelope shape, a maximum depth of cut. and the like. 

25 [0015] Preferably an image or sequence of images 
is produced to simulate the toolpath for consideration 
prior to machining commencing. Preferably the toolpath 
is encoded as a set of instructions for a machine tool. 
[0016] Preferably the method is repeatedly applied 

30 to a single workpiece, the initial shape for the second 
and subsequent cycles being an envelope shape pro- 
duced by the machine sequence of the previous cycle. 
[0017] Preferably the envelope shape is three 
dimensional, surrounding all or part of the workpiece. 

35 The envelope shape preferably has one or more planar 
faces and may consist entirely of planar faces, which 
may be orthogonal. 

[0018] The envelope shape may be a prism sur- 
rounding all or part of the length of the workpiece and 
40 having a constant cross section along an axis. The 
cross section may be polygonal. 

[0019] The envelope shape is preferably chosen to 
optimise the fit of the final shape within the envelope 
shape. Preferably the optimisation includes the location 

45 of a planar face of the envelope shape against a planar 
or generally planar surface of the final shape. The enve- 
lope shape may be optimised by selecting the shape 
having minimum volume or cross sectional area. The 
optimisation process may be required to create an 

50 envelope shape having a specified number of faces. 
[0020] Preferably the machining steps are cuts, 
which may be straight cuts of an end cutting milling 
machine. Alternatively, the cuts may be produced by a 
flank milling operation, during which the workpiece may 

55 be turned relative to the tool to produce non linear cut- 
ting paths across the workpiece. 

[0021] The invention also provides apparatus for 
use in machining a workpiece, comprising final shape 
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identification means operable to record a final shape 
required for the whole or part of the workpiece, enve- 
lope shape generating means operable to generate an 
envelope shape wholly containing the final shape, and 
sequence generating means operable to identify one or 5 
more machine steps to form the workpiece to the enve- 
lope shape. 

[0022] Preferably the envelope shape is three 
dimensional, surrounding all or part of the workpiece. 
The envelope shape preferably has one or more planar 10 
faces and may consist entirely of planar faces, which 
may be orthogonal. 

[0023] The envelope shape may be a prism sur- 
rounding all or part of the length of the workpiece and 
having a constant cross section along an axis. The 15 
cross section may be polygonal. 

[0024] The envelope shape is preferably chosen to 
optimise the fit of the final shape within the envelope 
shape. Preferably the optimisation includes the location 
of a planar face of the envelope shape against a planar 20 
or generally planar surface of the final shape. The enve- 
lope shape may be optimised by selecting the shape 
having minimum volume or cross sectional area. The 
optimisation process may be required to create an 
envelope shape having a specified number of faces. 25 
[0025] Preferably the machining steps are cuts 
which may be straight cuts of an end cutting milling 
machine. Alternatively, the cuts may be flank milling 
operations, during which the workpiece may be turned 
relative to the tool to produce non linear cutting paths 30 
across the workpiece. 

[0026] Identification of each machining step of the 
sequence preferably takes account of the previous 
steps, to minimise tool movement during cutting. 
[0027] Preferably an image is produced to simulate 35 
the performance of the sequence steps. 
[0028] The sequence of machining steps is prefera- 
bly used to create a tool path by which the steps may be 
executed. The identification of a sequence of machining 
steps may be dependent upon parameters such as tool 40 
size or type, the number of cuts to be used to create the 
envelope shape, a maximum depth of cut, and the like. 
[0029] Preferably an image or sequence of images 
is produced to simulate the toolpath for consideration 
prior to machining commencing. Preferably the toolpath 45 
is encoded as a set of instructions for a machine tool. 
[0030] Preferably the method is repeatedly applied 
to a single workpiece, the initial shape for the second 
and subsequent cycles being an envelope shape pro- 
duced by the machine sequence of the previous cycle. so 
[0031] The invention also provides apparatus for 
use in creating a sequence of machining steps for 
machining a workpiece, comprising final shape identifi- 
cation means operable to record a final shape required 
for the whole or part of the workpiece, envelope shape 55 
generation means operable to generate an envelope 
shape wholly containing the final shape, and sequence 
generating means operable to identify a sequence of 



one or more sequence steps to form the workpiece to 
the envelope shape. 

[0032] Preferably the envelope shape is three 
dimensional, surrounding all or part of the workpiece. 
The envelope shape preferably has one or more planar 
faces and may consist entirely of planar faces, which 
may be orthogonal. 

[0033] The envelope shape may be a prism sur- 
rounding all or part of the length of the workpiece and 
having a constant cross section along an axis. The 
cross section may be polygonal. 

[0034] The envelope shape is preferably chosen to 
optimise the fit of the final shape within the envelope 
shape. Preferably the optimisation includes the location 
of a planar face of the envelope shape against a planar 
or generally planar surface of the final shape. The enve- 
lope shape may be optimised by selecting the shape 
having minimum volume or cross sectional area. The 
optimisation process may be required to create an 
envelope shape having a specified number of faces. 
[0035] Preferably the machining steps are cuts 
which may be straight cuts of an end cutting milling 
machine. Alternatively, the cut may be produced by a 
flank milling operation, during which the workpiece may 
be turned relative to the tool to produce non linear cut- 
ting paths across the workpiece. 

[0036] Identification of each machining step of the 
sequence preferably takes account of the previous 
steps, to minimise tool movement during cutting. 
[0037] Preferably an image is produced to simulate 
the performance of the sequence steps. 
[0038] The sequence of machining steps is prefera- 
bly used to create a tool path by which steps may be 
executed. The identification of a sequence of machining 
steps may be dependent upon parameters such as tool 
size or type, the number of cuts to be used to create the 
envelope shape, a maximum depth of cut, and the like. 
[0039] Preferably an image or sequence of images 
is produced to simulate the toolpath for consideration 
prior to machining commencing. Preferably the toolpath 
is encoded as a set of instructions for a machine tool. 
[0040] Preferably the method is repeatedly applied 
to a single workpiece, the initial shape for the second 
and subsequent cycles being an envelope shape pro- 
duced by the machine sequence of the previous cycle. 
[0041] In a second aspect, the invention provides a 
method of simulating an article, in which the article is 
notional ly divided into objects, an image of each object 
is stored, each object image being stored in association 
with reference data representing the position of the cor- 
responding object relative to the complete article or to a 
frame of reference common to all objects, whereby 
objects may be viewed individually or in groups, the ref- 
erence data being used to cause the images of a group 
to be viewed with the objects shown in their correct posi- 
tions and orientations relative to each other. 
[0042] The invention also provides simulation appa- 
ratus comprising storage means operable to store data 
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representing images of part of an article, and display 
means operable to use stored data to create an image 
of one or more parts of an article, wherein data repre- 
senting an image of a part of an article is stored in asso- 
ciation with reference data representing the position of a 
corresponding article part relative to the complete arti- 
cle or a frame of reference common to all article parts, 
whereby the display means is operable, by use of the 
reference data, to create an image of more than one 
article part in which the article parts are shown in their 
correct positions and orientations relative to each other. 
[0043] Means are preferably provided to receive a 
user selection of objects and to use the reference data 
to form a group image including the selected objects in 
their correct relative positions and orientations. An 
image of each object is preferably stored as a separate 
CAD object within a common CAD data file. Likewise, 
each group image is preferably stored as an object CAD 
file. 

[0044] Examples and embodiments of the present 
invention will now be described in more detail, by way of 
example only, and with reference to the accompanying 
drawings, in which :- 

Fig. 1 is a perspective view of a compressor blade 
for a gas turbine engine; 

Fig. 2 illustrates an envelope around the blade of 
Fig. 1 ; 

Fig. 3 illustrates a stock bar enclosing the envelope 
of Fig. 2; 

Fig. 4 illustrates cuts to be made in the stock bar; 
Fig. 5 illustrates the stock bar after the cuts; 
Fig. 6 illustrates an envelope around the shroud of 
the blade; 

Fig. 7 shows the blade and shroud envelopes 
superimposed; 

Fig. 8 shows an intermediate mechanical part; 
Fig. 9 is a flow diagram of the steps of the method 
of the invention; 

Fig. 1 0 is a block diagram of apparatus for imple- 
menting the method; 

Fig. 1 1 is a perspective view showing an aerofoil 
machined according to a first enveloping technique; 
and 

Fig. 12 illustrates an alternative enveloping tech- 
nique. 

[0045] The examples relate to the simulation, i.e. 
the creation of an image of an article to be produced by 
means of a machine tool or the like, in order to create 
data for instructing automatic operation of the machine 
tool to produce an article of the required shape. 
[0046] Fig. 1 shows one example of an article to 
which the invention may be applied. The article 10 is a 
compressor stator blade for the compressor of a gas tur- 
bine engine. The blade 10 is formed from a single piece 
of material and includes a root portion 12, a shroud por- 
tion 14 and a blade (or aerofoil) portion 16. The shape 



of the blade 10 is generally conventional in itself. The 
invention could also be applied to the manufacture of 
compressor rotor blades, which have root and blade 
portions reminiscent of the portions 12, 16, but no 
5 shroud portion. It is to be noted that the shape of these 
blades is intricate and has conventionally been difficult, 
slow and expensive to machine. 

[0047] Figs. 2 to 12 indicate steps by which produc- 
tion of blades, such as the blade 10 of Fig. 1, may be 

10 planned and executed, in accordance with the invention. 
In Figs. 2 to 12, the illustrated blade 10 is a compressor 
stator blade, having shroud features, but it will be clear 
that a rotor blade could be produced in similar manner. 
[0048] In Fig. 2, the blade 10 is shown wholly within 

15 an envelope 18. The envelope 18 thus represents the 
shape of a block of material from which the compressor 
blade 10 can, in principal, be machined. The envelope 
18 is rectilinear, i.e. having orthogonal faces forming a 
parallelepipedon. Other common non-orthogonal 

20 shapes could be used, but preferably the envelope has 
planar faces, for reasons which will become apparent. A 
machine can be used to form a workpiece to the shape 
of the envelope 1 8, as follows. First, an image (Fig. 3) is 
created in which the envelope 18 is shown within a 

25 workpiece whose initial shape is a bar of circular section 
and optimised to contain the envelope 18 with minimum 
material wastage. That is to say, the workpiece 22 is 
chosen as the minimum diameter bar (or preferably min- 
imum stock diameter) within which the envelope 18 may 

30 be accommodated. Consequently, the image shown in 
Fig. 3 allows the identification of a sequence of one or 
more sequence steps by which the workpiece 22 can be 
formed to the shape of the envelope 18. 
[0049] Fig. 4 illustrates a sequence of cuts 23 of an 

35 end cutting milling machine by which four planar faces 
24 of the envelope 18 can be created by repeated mill- 
ing away of the material of the workpiece 22. During 
these cuts, the workpiece 22 will be held in a chuck 20 
(omitted from the drawings, for clarity) by means of a 

40 stub of material (not shown). 

[0050] It can be seen that in the cutting sequences 
of Fig. 4, each cut produces a new planar surface on the 
workpiece 22, each successive face being of larger area 
than the previous face, thus allowing the material of the 

45 workpiece to be cut away until the four planar faces 24, 
are created. By continuing in this manner, all four faces 
can be created until the workpiece 22 has the shape of 
the envelope 18, as shown in Fig. 5, which also shows a 
stub 26 by which the workpiece may be held in a chuck. 

50 [0051] Thus, in producing the workpiece 22A 
shown in Fig. 5, the method first identified the final 
shape required for the workpiece (i.e. the shape of the 
blade 16) and then enclosed this within the envelope 
shape 18, so that the whole of the final shape of the 

55 blade was contained in the envelope 1 8. The machining 
steps necessary to work the workpiece to the shape of 
the envelope 18 were then identified. 
[0052] At the completion of this first stage of 
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machining, the workpiece 22 is simply a parallelepipe- 
don whose dimensions are determined by the extreme 
outer dimensions of the blade 16. However, the 
sequence can then be repeated, as follows. The second 
stage may seek to machine more precisely a part of the 5 
workpiece 22A, such as the shroud 14. Taking the 
shape of the shroud portion 14 as shown in Fig. 6 as the 
required final shape, a second envelope 30 is generated 
which wholly contains the shroud 14. As can be seen in 
Fig. 6, the envelope 30 again has planar faces but is w 
much smaller than the envelope 18 (Fig. 2). Superim- 
posing of the envelope 30 on the envelope 18 (Fig. 7) 
allows the identification of material (shaded in Fig. 7) 
which may be removed from the workpiece 22A while 
leaving sufficient material within the envelope 30 to 15 
allow the correct formation of the shroud 14. Conse- 
quently, having identified the material shown shaded in 
Fig. 7, a sequence of planar cuts can be identified in 
order to remove the shaded material from the workpiece 
22A. 20 
[0053] The sequence of identifying a final shape, 
generating an envelope shape wholly containing that 
final shape and then identifying a sequence of machin- 
ing steps to form the workpiece to the envelope shape 
can be repeated again for the blade 1 6 and then for the 25 
root portion 12 until a fourth workpiece 22B (Fig. 8) has 
been produced. Although still coarsely cut, the work- 
piece 22B is now exhibiting three clearly distinguishable 
parts which will ultimately form the root 12, shroud 14 
and blade 16. 30 
[0054] The sequence for identifying each set of cuts 
can be summarised by the flow diagram of Fig. 9. At 
step 32, the current stock model is identified. Initially 
this will be the round bar but subsequently will be an 
intermediate workpiece 22A, 22B etc. In the case of the 35 
first sequence, the final shape required for the whole of 
the workpiece is identified at 34 but in subsequent 
sequences, step 34 will identify the final shape required 
for part of the workpiece, such as the root. An envelope 
is then created around the final shape at 36. Step 38 40 
makes a comparison between the shape of the enve- 
lope and the stock shape, to identify the material to be 
cut away. A sequence of cuts is then generated at step 
40. Having identified the required sequence of cuts, a 
tool path to create those cuts may be generated at step 45 
42. Once the tool path has been generated at 42, it is 
preferably stored as a file with instructions suitable for 
providing to an automated machine such as a CNC 
machine. The file of instructions may be encoded in a 
generic manner or, if the particular machine tool has so 
been identified as part of the procedure, may be 
encoded in a specific manner intended for that machine 
took 

[0055] Finally, step 44 updates the definition of the 
current stock model, to the shape which will result when 55 
the cuts identified at step 40 have been executed. The 
cycle then commences again to create a further 
sequence of machining steps for more detailed machin- 



ing of part of the workpiece, or for machining of an alter- 
native part of a workpiece. In this sense, the invention 
provides a form of iterative machining. 
[0056] Each step of the iterative machining can be 
optimised in various ways. First, the envelopes created 
should be optimised, preferably to be the closest possi- 
ble fit around the final shape required, subject to any 
allowance require for leaving additional material for fin- 
ish machining. This quality of fit may be judged, for 
instance, by reference to the volume of the envelope, or 
the cross sectional area, particularly when the envelope 
is a prism. Where the part being enveloped has a planar 
or generally planar surface, it is desirable for the enve- 
lope to have a planar face alongside. 
[0057] The cutting sequence can also be optimised, 
for instance by changing the choice of tool, size or type, 
the depth of cuts, and the number of cuts used to reach 
the envelope from the initial shape. These considera- 
tions are preferably taken into account as part of steps 
36, 40, 42 of the procedure. 

[0058] Fig. 10 is a highly schematic block diagram 
of apparatus for implementing the procedure of Fig. 9. 
In Fig. 10, a central control block 46, which may be 
implemented as a computer or microprocessor control 
module, co-ordinates the execution of the procedure by 
interaction with the other modules illustrated. First, the 
control 46 will interrogate a stock record 48 to determine 
the current stock model (step 32). The control 46 is also 
able to interrogate a record 50 of the final shape (step 
34) and then instruct an envelope generator 52 to 
develop an enveJope (step 36) as has been described 
and subject to any restrictions which might be imposed 
by an operator through operator controls 54. Having 
developed the envelope, the material to be cut away can 
be identified as described above (step 38), allowing the 
control 46 to instruct a cut generator 56 to generate a 
set of cuts (step 40) to cut the stock shape down to the 
envelope shape. Having identified the cuts required, a 
tool path (step 42) generator 58 is instructed to create a 
tool path to implement the cuts required by the cut gen- 
erator 56. The current stock model in the stock record 
48 is then updated. 

[0059] It can be seen that each of the generator 
modules 52, 56,58 can be provided with appropriate 
algorithms to perform its function, subject, in each case, 
to any restrictions imposed by the operator through the 
controls 54. 

[0060] For reasons of versatility and practice, it is 
likely that the procedure will require the choice of an 
appropriate tool. This choice may be made either by the 
operator or as a result of analysis carried out in the pro- 
cedure. In either event, a tool library 60 is desirable, 
containing information about the tools available, such as 
sizes, maximum permitted cut depths, speeds etc. This 
information will be available to the cut generator 56 and 
particularly to the toolpath generator 58. 
[0061] At each stage through the procedure, it is 
desirable for the control 46 to provide the operator with 
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an image (similar to those of the drawings described 
above) to indicate how the procedure is progressing, 
and in particular to illustrate the envelopes, sequences 
of cuts and the tool path which have been generated. It 
is particularly desirable for the control 46 to create an 5 
animated image showing the tool being used in accord- 
ance with the generated tool path to execute the gener- 
ated cuts to create the envelope shape from the stock 
model. This simulation, and all other images for the 
operator, are provided by the control 46 by means of a 70 
suitable display 62, such as a VDU. This allows the 
operator to be fully informed of decisions being taken 
within the procedure, and of the effect of any choices 
made by the operator, such as tool choices. 
[0062] The modules illustrated in Fig. 10 may be 15 
implemented as integrated or discrete modules, any of 
which may be primarily hardware, primarily software or 
a mixture of hardware or software. 

[0063] The coarse machining described above in 
relation to Figs. 2 to 10 results in a rough blank (Fig. 8) 20 
which lacks many features of detail in comparison with 
the required shape of the blade 10. The blade 16, for 
instance, lacks the complex shape required. We have 
identified two alternatives for creating finer details such 
as that of the blade 1 6, as follows. 25 
[0064] In a first alternative, the blade 16 can be 
divided notionally into a group of thin slices 16A along 
its length from the root 12 to the shroud 14. Each slice 
is assumed to have constant cross section perpendicu- 
lar to the length of the blade 1 6 but the cross section of 30 
each slice, and particularly the orientation of each slice 
around the longitudinal axis of the blade, may vary from 
that of its neighbours. Each slice will therefore be a 
prism of irregular polygonal cross section. By consider- 
ation of each slice in turn, the shape of the correspond- 35 
ing polygon can be optimised to the shape of the blade 
at that point along its length (step 36 of Fig. 9) to fit the 
prism as an envelope around that part of the blade 16. 
A closer fit will be possible if the number of sides on the 
polygon is increased, but each side corresponds to at 40 
least one cut, so that the number of cuts will therefore 
increase. This would produce a more accurate shape at 
the expense of slower production time. Consequently, 
the operator may wish to experiment by setting the 
number of polygon sides, judging the quality of the fit 45 
then attained between the envelope and the blade, and 
possibly changing the required number of polygon sides 
as a result. Thus, the procedure of Fig. 9 is imple- 
mented for each slice of the blade 1 6 to create a polyg- 
onal prism which closely envelopes that part of the 50 
blade 16, and to generate a tool path to cut the work- 
piece to that shape. After applying the procedure in this 
manner to each slice along the length of the blade, a 
complete set of tool paths will be created by which the 
workpiece may be cut to leave a rough cut blade closely 55 
resembling the final shape required, as illustrated in Fig. 
1 1 . It is envisaged that by using a large number of facets 
for each slice, such as 13, and by using a large number 



of slices, such as slices with width approximately 1 cm, 
a blade can be created ready for finish machining. 
[0065] The division of the blade 16 into slices read- 
ily allows the procedure of Fig. 9 to be applied to the 
twisted shape of the blade 1 6 while ensuring that at any 
point along the blade, relatively little extraneous mate- 
ria! remains after cutting. A final step, forming the final 
preparation tor finishing could be to work along the 
blade 16 with a side cutting tool to remove this extrane- 
ous material. Side cutting is less desirable than end cut- 
ting, for reasons of speed and tool wear, but may 
nevertheless be advantageous once end cutting of 
slices has been used to remove bulk material, as 
described. 

[0066] However, we envisage that in principal, side 
cutting could be used as an alternative to end cutting, as 
follows. 

[0067] First, a section through the blade 16 is con- 
sidered (Fig. 12) and a two dimensional polygon 64 is 
fitted around the blade 16, as an envelope. In Fig. 12, 
the blade 16 is shown hatched, and surrounded by a 
line 66 indicating an allowance for final finish machining 
(such as 2 mm allowance) and a further line 68 half way 
between the blade surface and the allowance line 66 
(i.e. indicating 1 mm allowance). Relatively simple rules 
allow a polygon to be fitted as an envelope around the 
blade 16 and within the allowance envelope 66, as fol- 
lows. First, leading and trailing edge facets 70, 72 are 
created each as a line normal to the camber line of the 
aerofoil and tangent to the half-allowance line 68. Two 
pressure side facets are then created as tangents 
between leading and trailing edges of the half-allow- 
ance envelope 68 and the allowance envelope 66. It is 
to be particularly noted that these facets 74 met at a 
concavity 76. Suction side facets 78 are struck from the 
point where the leading and trailing edge facets 70, 72 
intersect the allowance envelope 66 and are tangent to 
the half allowance envelope 68. The third facet 79 on 
the suction side is tangent to the half-allowance enve- 
lope 66 and normal to the point of intersection of the 
other two suction facets 78. Thus, it can be seen that the 
seven-sided polygon so formed lies wholly within the 
allowance envelope 66. 

[0068] An additional facet may sometimes be 
required at the concavity 76, especially if the blade is 
particularly curved, or allowances are small. 
[0069] The procedure just described is equivalent 
to the generation of a two-dimensional envelope at step 
36 of Fig. 9. The necessary cuts and tool paths can then 
be generated in the manner described above. However, 
in this example, we envisage that the analysis just 
described will be continued along the blade 16, taking 
into account the twisting of the blade 1 6, in order to cre- 
ate a series of seven paths for side cutting (or flank mill- 
ing) each path corresponding to one of the various 
facets described. Thus, rather than forming the blade 16 
in slices by cutting perpendicular to the length of the 
blade 16 to form each slice, the blade is formed by a 
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series of seven flank cutting operations along the length 
of the blade 16. 

[0070] The description above has considered the 
formation of envelopes around parts of the final shape 
required. We have developed a technique by which this 
may be more readily achieved as follows. 
[0071] The control 46 and associated modules, 
including the display 62 preferably form part of a CAD 
system, or function in a manner analogous to a CAD 
system. The principals of CAD systems and the manner 
of storing images will be well understood by the skilled 
reader. 

[0072] We envisage that before the procedure of 
Fig. 9 begins, the article to be produced (i.e. the blade 
10) is notionally divided into a set of objects each of 
which represents a different part of the article. For 
instance, the root 12 may form one object, the shroud 
14 another, and the blade 16 another. Each of these 
objects may be further sub-divided into a group of 
smaller objects. An image of each object is stored sep- 
arately i.e. as a separate CAD object, so that each may 
be viewed or otherwise considered alone. However, 
each object image is stored in association with refer- 
ence data which defines the position of that object rela- 
tive to the complete article or other frame of reference 
which is common to all of the objects. Thus, any object 
can be viewed individually, in which case its relationship 
with other objects is not relevant. Alternatively, groups of 
more than one object may be viewed, and in creating an 
image of this nature the control 46 will take account of 
the reference data and create an image in which the 
objects of the group are shown in their correct spatial 
relationship one to the other. This is achieved by use of 
the reference data. It is particularly preferred that 
images are presented for viewing in the orientation they 
would have during machining, to assist the quality of the 
simulation to the eye of a production worker. 
[0073] This principle is also used when superim- 
posing envelopes, as shown in Fig. 7 
[0074] This feature is significant in a number of 
ways. First the creation of an envelope around one part 
of the article, such as the root 12, can be more readily 
achieved by an operator viewing the image of the root 
12 as an object in isolation. Thus, the operator can con- 
sider the envelope for the particular object, without dis- 
traction of other objects. Furthermore, any algorithms 
will be applied to data representing only the image of 
the object. Alternatively, objects could be handled in 
groups so that, for instance, an envelope could be 
developed around the root and blade together, if appro- 
priate. Thus, any image may be of a single object or of 
a group, and objects may be assembled into groups, or 
sub-divided to become themselves a group. 
[0075] Once the envelope has been created, other 
objects can be introduced into the view and will then be 
shown in their correct spatial relation with the enveloped 
object. Thus, the complexities, which can sometimes be 
significant, of linking two views together in a CAD sys- 



tem are not required of the operator, who can concen- 
trate on the machining being simulated. As a result, it is 
envisaged that use of the invention will be readily assim- 
ilated by skilled machine tool operators, who might have 
5 little or no knowledge of CAD systems and their opera- 
tion. 

[0076] Many variations and modifications may be 
made to the apparatus and methods described above, 
without departing from the scope of the present inven- 

w tion. The invention has been described in relation to the 
production of blades for gas turbine engines, but could 
be applied to the production of many other components, 
such as cam shafts or other shafts. In the case of a cam 
shaft, for instance, we would envisage that a separate 

15 envelope would be created at various positions along 
the cam shaft, to allow the creation of features such as 
central journal bearings, radial arms and the like. 
[0077] Whilst endeavouring in the foregoing specifi- 
cation to draw attention to those features of the inven- 

20 tion believed to be of particular importance it should be 
understood that the Applicant claims protection in 
respect of any patentable feature or combination of fea- 
tures hereinbefore referred to and/or shown in the draw- 
ings whether or not particular emphasis has been 

25 placed thereon. 

Claims 

1 . A method for machining a workpiece (22) in which a 
30 . final shape (36) required for the whole or part of the 
workpiece (22) is identified, an envelope shape (18) 
is generated, the envelope shape (18) wholly con- 
taining the final shape (36), and a sequence of one 
or more machining steps is identified to form the 
35 workpiece (22) to the envelope shape (18) charac- 
terised in that identification of each machining step 
of the sequence takes account of the preivous 
steps, to minimise tool movement during cutting. 

40 2. A method of creating a sequence of machining 
steps for machining a workpiece (22), in which a 
final shape (36) required for the whole or part of the 
workpiece (22) is identified, an envelope shape (18) 
is generated, the envelope shape (18) wholly con- 

45 taining the final shape (36), and a sequence of one 

or more machining steps is identified to form the 
workpiece (22) to the envelope shape (18) charac- 
terised in that identification of each machining step 
of the sequence takes account of the previous 

so steps, to minimise tool movement during cutting. 

3. A method according to claim 1 or claim 2, charac- 
terised in that an image is produced to simulate the 
performance of the steps of the sequence (40). 

55 

4. A method according to claims 1 to 3, characterised 
in that the sequence of machining steps (40) is 
used to create a tool path (42) by which the steps 
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may be executed. 

5. A method according to any of claims 1 to 4, charac- 
terised in that the identification of a sequence of 
machining steps is dependent upon parameters 5 
such as tool size or type, the number of cuts (23) to 

be used to create the envelope shape (18), a maxi- 
mum depth of cut, and the like. 

6. A method according to claim 4 to 5, characterised in 10 
that an image or sequence of images is produced to 
simulate the toolpath for consideration prior to 
machining commencing. 

7. A method according to any preceding claim, char- 75 
acterised in that the method is repeatedly applied to 

a single workpiece (22), the initial shape for the 
second and subsequent cycles being an envelope 
shape (30) produced by the machine sequence of 
the previous cycle. 20 

8. A method according to any preceding claim, char- 
acterised in that the envelope shape (18) is three 
dimensional, surrounding all or part of the work- 
piece (22). 25 

9. A method according to claim 8, characterised in 
that the envelope shape (18) has one or more pla- 
nar faces. 

30 

10. A method according to claims 8 or 9, characterised 
in that the envelope shape (18) consists entirely of 
planar faces. 

11. A method according to any of claims 8 to 10, char- 35 
acterised in that the envelope shape (18) is a prism 
surrounding all or pan of the length of the work- 
piece (22) and having a constant polygonal cross 
section along an axis. 

40 

12. A method according to any preceding claim, char- 
acterised in that the envelope shape (18) is chosen 
to optimise the fit of the final shape (36) within the 
envelope shape (18). 

45 

13. A method according to claim 12, characterised in 
that the optimisation includes the location of a pla- 
nar face of the envelope shape (18) against a pla- 
nar or generally planar surface of the final shape 
(36). so 

14. A method according to claims 12 or 13, character- 
ised in that the envelope shape (1 8) is optimised by 
selecting the shape having minimum volume or 
cross sectional area. 55 

15. A method according to any preceding claim, char- 
acterised in that the machining steps are cuts (40) 
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produced by a flank milling operation, during which 
the workpiece (22) is turned relative to the tool to 
produce non linear cutting paths across the work- 
piece (22). 

16. Apparatus for use in machining a workpiece (22), 
comprising final shape identification means (50) 
operable to record a final shape required for the 
whole or part of the workpiece (22), envelope 
shape generating means (52) operable to generate 
an envelope shape (18) wholly containing the final 
shape, and sequence generating means (58) oper- 
able to identify one or more machine steps to form 
the workpiece to the envelope shape. 

17. Apparatus for use in creating a sequence of 
machining steps for machining a workpiece, com- 
prising final shape identification means (50) opera- 
ble to record a final shape required for the whole or 
part of the workpiece (22), envelope shape genera- 
tion means (52) operable to generate an envelope 
shape wholly containing the final shape, and 
sequence generating means (58) operable to iden- 
tify a sequence of one or more sequence steps to 
form the workpiece to the envelope shape. 

18. Apparatus according to claim 16 or 17, character- 
ised in that the envelope shape (1 8) is three dimen- 
sional, surrounding all or part of the workpiece. 

1 9. Apparatus according to claim 1 8, characterised in 
that the envelope shape (18) has one or more pla- 
nar faces. 

20. Apparatus according to claims 1 8 or 1 9, character- 
ised in that the envelope shape (18) consists 
entirely of planar faces. 

21. Apparatus according to any of claims 18 to 20, 
characterised in that the envelope shape (18) is a 
prism surrounding ail or part of the length of the 
workpiece (22) and having a constant polygonal 
cross section along an axis. 

22. Apparatus according to any of claims 18 to 21, 
characterised in that the envelope shape (18) is 
chosen to optimise the fit of the final shape within 
the envelope shape (18). 

23. Apparatus according to claim 22, characterised in 
that the optimisation includes the location of a pla- 
nar face of the envelope shape (18) against a pla- 
nar or generally planar surface of the final shape 
(36). 

24. Apparatus according to any of claims 22 or 23, 
characterised in that the envelope shape (18) is 
optimised by selecting the shape having minimum 
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volume or cross sectional area. 

25. Apparatus according to any of claims 16 to 24, 
characterised in that the machining steps are cuts 
(40) produced by a flank milling operation, during 
which the workpiece (22) is turned relative to the 
tool to produce non linear cutting paths across the 
workpiece (22). 

26. Apparatus according to any of claims 16 to 25, 
characterised in that identification of each machin- 
ing step of the sequence (40) takes account of the 
previous steps, to minimise tool movement during 
cutting. 

27. Apparatus according to claim 26, characterised in 
that an image is produced to simulate the perform- 
ance of the steps of the sequence (40). 

28. Apparatus according to claim 26 or 27, character- 
ised in that the sequence of machining steps (40) is 
used to create a tool path (42) by which the steps 
may be executed. 

29. Apparatus according to claim 28, characterised in 
that an image or sequence of images is produced to 
simulate the toolpath for consideration prior to 
machining commencing. 

30. Apparatus according to any of claims 16 to 29, 
chracterised in that the method is repeatedly 
applied to a single workpiece (22), the initial shape 
for the second and subsequent cycles being an 
envelope shape (30) produced by the machine 
sequence of the previous cycle. 

31. A method of simulating an article (10), in which the 
article (10) is notionally divided into objects 
(12,14,16), an image of each object (12,14,16) is 
stored, each object image being stored in associa- 
tion with reference data representing the position of 
the corresponding object (12,14,16) relative to the 
complete article (10) or to a frame of reference 
common to all objects (12,14,16), whereby objects 
(12,14,16) may be viewed individually or in groups, 
the reference data being used to cause the images 
of a group to be viewed with the objects (12,14,16) 
shown in their correct positions and orientations rel- 
ative to each other. 

32. A method according to claim 31 , characterised in 
that means (46) are provided to receive a user 
selection of objects (12,14,16) and to use the refer- 
ence data to form a group image including the 
selected objects (12,14,16) in their correct relative 
positions and orientations. 

33. A method according to claims 31 or 32, character- 



ised in that an image of each object (12,14,16) is 
stored as a separate CAD object within a common 
CAD data file. 

5 34. A method according to any of claims 31 to 33, char- 
acterised in that each group image is stored as an 
object CAD file. 

35. Simulation apparatus comprising storage means 
io (46) operable to store data representing images of 

part (12,1,4,16) of an article (10) : and display 
means (62) operable to use stored data to create 
an image of one or more parts ( 1 2, 1 4, 1 6) of an arti- 
cle (10), wherein data representing an image of a 

is part (12,14,16) of an article (10) is stored in associ- 

ation with reference data representing the position 
of a corresponding article part (12.14,16) relative to 
the complete article (10) or a frame of reference 
common to all article parts, whereby the display 

20 means (62) is operable, by use of the reference 

data, to create an image of more than one article 
part (12,14,16) in which the article parts (12,14,16) 
are shown in their correct positions and orientations 
relative to each other. 

25 

36. Apparatus according to claim 35, characterised in 
that means are provided to receive a user selection 
of objects (12,14,16) and to use the reference data 
to form a group image including the selected 

30 objects (12,14,1 6) in their correct relative positions 
and orientations. 

37. Apparatus according to claims 35 or 36, character- 
ised in that an image of each object (12,14,16) is 

35 stored as a separate CAD object within a common 
CAD data file. 

38. Apparatus according to any of claims 35 to 37, 
characterised in that each group image is stored as 

40 an object CAD file. 
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